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Heterogeneous catalysis
Teaching an old material new tricks
A classic calcium aluminate has been modified to create an inorganic electride that can be used as an effective  promoter of the catalyst for ammonia synthesis
Alternatively : “promoter of the catalytic ammonia synthesis”
Elio Giamello

Few scientific discoveries have had an impact on the development of mankind like the industrial synthesis of ammonia from its constituent elements. It led to a new era in the fertilisation of agricultural crops and, nowadays, some 150 million tons of ammonia are produced each year through industrial processes at high temperature and pressure. Iron-based catalysts (similar to those originally developed by Haber and Bosch at the beginning of the 20th Century) or, ruthenium metal particles dispersed on a support1 are usually used, however, these processes still consume a great deal of energy — accounting for around 1-2% of the worldwide energy supply. Any (even small) improvement leading to an increase of the catalytic activity in ammonia synthesis (i.e. the use of milder physical conditions) would lead to huge energy savings and environmental benefits. 

Now, writing in Nature Chemistry, Hideo Hosono, Michikazu Hara, and co-workers, describe2 a step in this direction, using an inorganic electride material that is comprised of a mixed nanoporous oxide (12CaO·7Al2O3) as support for ruthenium particles — ‘electrides’ are ionic systems where trapped electrons play the role of anions3. The researchers report,an improvement of the turnover frequency — that is the catalytic activity of each ruthenium atom  — of about one order of magnitude for this system compared to current ruthenium catalysts,.This improvement is on account of the additional role assumed by the support of ‘electronic promoter’.

Using promoters in catalysts for ammonia synthesis is not a new idea — the Haber Bosch catalyst, since its early days, has contained potassium oxide as an ’electronic promoter’ of metallic iron. and this or similar basic oxides (Ce2O, BaO) must be added to supported ruthenium to ensure an acceptable catalytic activity. The reason for the promoting effect of basic substances has long been  questioned in the literature and the most accepted hypothesis points to the role of the promoter as an electron donor4. The rate determining step of ammonia synthesis is in fact the dissociation of N2 on the metallic surface (nitrogen activation), which is difficult because of the strong triple chemical bond connecting the two atoms5. It occurs through a complex electronic interaction that weakens the N≡N bond and is made possible by an electron density transfer from the metal to the nitrogen antibonding orbitals. Electron donation by the promoter to the metal helps this electron density transfer and thus N2 dissociation, increasing the catalytic activity. 

A second function that must be realized by the metal catalysts is the activation of hydrogen, which also implies surface dissociation of the molecule. This action is easily accomplished by a few transition metal ions and in particular by ruthenium which strongly interacts with hydrogen. This represents, however, a drawback for Ru-based catalyst because the metal surface tends to become covered by hydrogen, blocking active sites for nitrogen dissociation and ultimately inhibiting the whole reaction rate.        
                            
The promoter described by Hosono, Hara, and co-workers has a beneficial effect on both nitrogen activation and hydrogen inhibition. This highly innovative material is actually derived from a classic one. The oxide 12CaO·7Al2O3 is in fact a calcium aluminate that is evident in the CaO-Al2O3 state diagram. It is found in nature as a rare mineral (Mayenite, an inclusion of  limestone present in effusive volcanic rocks) and it is an essential component of alumina cements.  The porous lattice of this oxide consists of a positively charged framework compensated by negative internal extra framework species. For instance two oxygen ions (O2-) exactly compensate a [Ca24Al28O64]4+ unit cell into which they are loosely bound. In 2003 Hosono’s group discovered that this inorganic oxide could be used as a starting material to prepare electrides6. Two classes of electrides were known before: organic electrides2 — with electrons stabilized by crown ethers — and surface localized electrides onto ionic solids Both are only stable at low temperatures and in the absence of air, therefore strongly limiting their practical use. In the case of [Ca24Al28O64]4+ (O2-)2 a simple chemical reduction transforms the solid into  [Ca24Al28O64]4+ (e-)4, the first bulk inorganic electride. In this system the electrons occupy four of the twelve inner cavities of the framework where they are coordinated by six Ca2+ ions6.  

The great advantage of the electride synthesized by Hosono’s group is that it provides a robust inorganic framework for the inner electrons, imparting high thermal and chemical stability. It is also a ‘transparent conducting oxide’ (TCO), a class of materials of high technological importance for, for example, photovoltaic applications.

The next bright and innovative idea from Hosono, Hara, and co-workers was that of testing the Ca-Al inorganic electride as support-promoter for ruthenium particles in the catalytic ammonia synthesis2. They observed an impressive increase of ruthenium catalytic activity due to a synergistic effect between two distinct properties of this electron-rich solid. The first one is the electron donor ability of the Ca-Al electride, observed by monitoring the vibrational frequency decrease of adsorbed N2. This donor capacity is rationalized in terms of the work function of the electride, that is. the energy necessary to extract an electron from the solid, the value of which is low and similar to that of metallic potassium, an extremely reactive metal, however, one that is unstable under reaction conditions.

The second peculiar property of the support is connected to its role as a hydrogen scavenger. In fact, on reacting with trapped electrons, a fraction of surface adsorbed H atoms are transformed to hydride and reversibly incorporated into the nanocages of the solid (Hsurf + e- ↔ H-bulk). This phenomenon attenuates the reaction inhibition by hydrogen and increases catalytic activity.

The two described properties have a high impact on the reaction as indicated by the radical changes to the kinetic equation parameters. In particular, the reaction order for H2 which is negative (~ -1) in the case of conventional Ru catalysts (adsorbed hydrogen poisons the metal surface and reduce the reaction rate) becomes positive (~.+1) for the novel catalyst. This allows the use of high hydrogen pressure in the synthesis with substantial improvement in the reaction rate. 

At this stage in the project it is not possible to foresee the evolution of ammonia synthesis technologies based on the exciting findings described — there is usually a long way to go from fundamental catalytic research to the industrial plant, and a limitation is evident in the new system. This is the low specific surface area of the catalyst that, in spite of the very high turnover frequency of each ruthenium atom, limits the overall catalytic activity. This parameter is not yet very different from that of less active but more surface extended conventional systems. Nevertheless, an important lesson can be derived from the research of Hosono, Hara, and co-workers. Innovation in material science is not always derived from completely new and exotic materials. The case illustrated here is that of a well-known, ‘old’ structural material which, by the action of smart and learned scientists, has become a new exciting functional material. 

If, in the future, a new energy saving process for ammonia preparation based on electride technology became reality, another fundamental chapter in the long history of this process would be written.  
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Figure 1. Schematic view of a ruthenium particle supported on the [Ca24Al28O64]4+ (e-)4 electride during the ammonia synthesis reaction (N2 + 3H2 .↔ 2NH3 ).The electron donor properties of the nanoporous electron rich solid is shown (right ). The spillover of adsorbed atomic hydrogen to form hydrides is represented on the left
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